Like cellular FLIPs, the v-FLIP contains death effector domains (DEDs) (9), but unlike its host homologs, it does not appear to directly modulate caspase activation from the plasma membrane. Rather, it interacts with cytosolic IKK-␥ (10), leading to phosphorylation and proteasomal degradation of IB, the inhibitor of the transcription factor NF-B. As a result, NF-B undergoes constitutive activation, leading to the expression of a proinflammatory (11) and antiapoptotic (12) program. The antiapoptotic aspect of this program is essential for B-cell survival in primary effusion lymphoma (PEL) (13), and the proinflammatory signaling is speculated to play a role in the inflammatory phenotype of Kaposi's sarcoma (KS). NF-B activation in human primary endothelial cells is also responsible for the spindle-like elongation characteristic of the infected endothelial cells of KS (14). Finally, v-FLIP-mediated NF-B activation helps to stabilize the latent state by impairing lytic reactivation (15, 16) , and inhibition of NF-B triggers enhanced lytic induction (14). Therefore, v-FLIP expression is considered to be an important feature of KSHV latency in most lineages examined to date.
T
he major latency locus (MLL) of the Kaposi's sarcoma-associated herpesvirus (KSHV) expresses several important proteins (1) and approximately 20 microRNAs (2, 3). The latent proteins include (i) the latency-associated nuclear antigen (LANA), which plays a central role in stable maintenance of the viral genome in latency (4), (ii) a virally encoded cyclin D homolog (5), (iii) kaposins, a family of proteins affecting cell signaling (6, 7) , and (iv) a viral homolog of cellular FLICEinhibitory proteins (v-FLIP) (8) .
Like cellular FLIPs, the v-FLIP contains death effector domains (DEDs) (9) , but unlike its host homologs, it does not appear to directly modulate caspase activation from the plasma membrane. Rather, it interacts with cytosolic IKK-␥ (10), leading to phosphorylation and proteasomal degradation of IB, the inhibitor of the transcription factor NF-B. As a result, NF-B undergoes constitutive activation, leading to the expression of a proinflammatory (11) and antiapoptotic (12) program. The antiapoptotic aspect of this program is essential for B-cell survival in primary effusion lymphoma (PEL) (13) , and the proinflammatory signaling is speculated to play a role in the inflammatory phenotype of Kaposi's sarcoma (KS). NF-B activation in human primary endothelial cells is also responsible for the spindle-like elongation characteristic of the infected endothelial cells of KS (14) . Finally, v-FLIP-mediated NF-B activation helps to stabilize the latent state by impairing lytic reactivation (15, 16) , and inhibition of NF-B triggers enhanced lytic induction (14) . Therefore, v-FLIP expression is considered to be an important feature of KSHV latency in most lineages examined to date.
Despite this, how v-FLIP is expressed in infection has been difficult to rigorously define. Expression of the protein appears to be extremely inefficient; it is difficult to detect by immunoblotting in latently infected cells, and attempts to express it from potent recombinant vectors generally result in unexpectedly low levels of protein accumulation (see reference 17 and Fig. 3 below) . Northern blots of latently infected cells do not show the presence of a monocistronic mRNA for v-FLIP; rather, v-FLIP sequences detected by this method are found as the 3=-most open reading frame (ORF) in bi-or tricistronic transcripts directed from the LANA promoter (a map of the known transcripts from the MLL is shown in Fig. 1 ) (18) (19) (20) (21) (22) . This seeming paradox led to the identification of sequences in the v-cyclin gene that can function as an internal ribosome entry site (IRES) element in recombinant vectors (17, 23) , and since that time, it has been presumed that v-FLIP is expressed from polycistronic mRNAs via IRES-mediated internal translational initiation. Direct evidence for this mechanism in infected cells has been lacking, however. In fact, reverse transcription (RT)-PCR-based studies have detected low-level expression of a spliced monocistronic v-FLIP RNA ( Fig. 1 ) in some latently infected cells (17) . Moreover, the reasons for the difficulty in achieving efficient expression of the protein in recombinant vectors have remained largely unexplored.
Here we show that a major reason underlying the difficulty expressing v-FLIP has to do with its strikingly abnormal codon usage. Importantly, however, this abnormal codon use not only impairs its efficient translation but also imposes a dramatic block to the accumulation of v-FLIP mRNA. Restoration of efficient codon use in recombinant expression vectors not only improves protein expression but also strikingly increases steady-state levels of the corresponding mRNA. When the codon-optimized gene is recombined back into the viral genome and progeny virus used to infect cells, the resulting cells display strong accumulation of a monocistronic v-FLIP mRNA, suggesting that such a transcript is indeed produced by wild-type (WT) viral infection but fails to accumulate. When latently infected cells bearing the codon-optimized v-FLIP gene are induced, the resulting viral yields are diminished 5-to 7-fold, as are many important viral lytic transcripts. These data (i) resolve many of the extant questions concerning v-FLIP expression, (ii) affirm that efficient v-FLIP expression is deleterious to lytic viral growth, and (iii) point to strong connections between translational elongation efficiency and RNA accumulation in mammalian cells. Such connections have been previously observed in yeast species (24) , but to our knowledge this is the first report of such effects in mammalian cells, and their determinants appear significantly different from those described in yeast.
MATERIALS AND METHODS
Cell culture. SLK, SLK.Bac16KSHV, and 293 cells were grown in Dulbecco modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS; Gibco), L-glutamine (2 mM; Invitrogen), penicillin (100 IU/ml; Gibco), and streptomycin (100 g/ml; Gibco). SLK.Bac16KSHV cells were grown in the presence of 300 g/ml hygromycin B to maintain selection of the viral episome. Lymphatic endothelial cells (LECs) and blood endothelial cells (BECs) were purchased from Lonza and cultured in EBM-2 medium and supplemented with EGM-2 MV (Lonza). All cells were grown at 37°C under a 5% CO 2 atmosphere.
Codon optimization of v-FLIP and eGFP (enhanced green fluorescent protein) genes. The codon optimization of each gene was done using the polymerase cycling assembly (PCA) procedure adapted from published work (25, 26) . Polyacrylamide gel-or high-performance liquid chromatography (HPLC)-purified 60-nucleotide-long overlapping oligonucleotides were designed to span both strands of the desired sequence. (Sequences of the oligonucleotides are available upon request.) These were mixed at a final concentration of 200 nM to a 50-l final volume. The PCA reaction was performed using Expand high-fidelity polymerase (Roche) according to the manufacturer's instructions. The PCR was done at an initial 95°C for 2 min, followed by a chain of 95°C for 30 s, 55°C for 30 min, and 72°C for 60 s for 35 cycles, followed by a final 72°C for 5 min. Two microliters of the PCA reaction mixture was used as a template for amplifying the full-length assembled product using short forward and reverse terminal primers.
Transcription inhibition experiments. Two methods were used to shut off transcription. In one method, actinomycin D at a concentration of 5 g/ml was added to 293 cells that had been transfected with recombinant v-FLIP (completely or partially optimized clones in pcR3.1). Treatment was done 48 h after transfection for up to 7.5 h, and total RNA was extracted at different time points and then analyzed by Northern analyses. In another method, the mutant v-FLIP was cloned into pTRE2 vector and then transfected into Tet-Off cells, which express a doxycycline-dependent repressor. After 2 days of constitutive FLIP expression, doxycycline was added at various time points and RNA was extracted from cells and analyzed for v-FLIP mRNA by Northern analysis.
BAC mutagenesis. Mutagenesis of the Bac16 clone (27) was done by bacterial artificial chromosome (BAC) recombineering using galK selection as described previously (28) with Escherichia coli SW102 cells. In this procedure, a GalK gene bearing flanking v-FLIP sequences is first inserted into the WT v-FLIP locus; in a second step, the insert is then replaced with that for a mutated v-FLIP gene, again relying on homologous recombination in the flanking v-FLIP sequences. After each step of recombination, the location of the insert and the junctions of the insert and the neighboring bacmid sequence were confirmed by PCR. The primers used for amplifying and then recombining the GalK gene into the location of the v-FLIP gene are as follows: Fwd, 5=AAATCAGATACATACATTCTACG GACCAAAAATTAGCAACAGCTTGTTATCCTGTTGACAATTAATC ATCGGCA3=; Rev, 5=AATAAATTTTCCTTTGTTTTTCCACATCGGTG CCTTCACATATACAAGCCGGCACCTCAGCACTGTCCTGCTCCT 3=. The primers used for amplifying and then recombining the mutated sequence in order to replace the GalK gene were as follows: Fwd, 5=CTT CAAACGTACCCTGGTTGGC3=; Rev, 5=GCTGGCAAGCATATTGGGA TGC3=. The primers used to check the presence and location of the opti- Twenty-four to 48 h after transfection, when some cells were clearly GFP positive, the culture was split into a larger plate and grown in medium that contained 50 g/ml of hygromycin B until a stably infected 293T cell population was obtained.
(ii) Coculture of infected 293T cells with iSLK-Puro. A total of 5 ϫ 10 6 293T cells in 10 ml of DMEM was mixed with 5 ϫ 10 6 iSLK-Puro cells in 10 ml of DMEM, 1.2 mM valproic acid was added, and the mixture was incubated for 72 h. After this, the cells were treated with 5 g/ml of puromycin (to deplete 293T cells) and 300 g/ml of hygromycin B for 3 to 4 days. After this step, the cells were grown in only hygromycin B (to enrich for infected SLK cells) until a healthy, fully GFP-positive population of latently infected iSLK-Puro cells was obtained.
Infections using virus stock. KSHV virus stocks bearing wild-type or mutant v-FLIP were made by induction of latently infected cells as previously described (29) . Precipitated virus was resuspended into complete DMEM to make an ϳ75ϫ stock of concentrated virus. Infection into cell lines was done by spinning the virus on cells at 2,000 rpm for 1 h, after which unbound virus was removed and replaced with new medium. Following this, cells were grown for 48 h and then either treated with hygromycin B containing medium (to select for the episome) or analyzed directly by Northern analyses, Western analyses, flow cytometry, PCR quantification, or sequencing.
For quantitation of viral infectivity, cells were infected with serial dilutions of the virus stock; at 48 h postinfection, the total cell count was determined and the proportion of GFP-positive cells was determined by flow cytometry. From this, the number of GFP focus-forming (i.e., infectious) units in each dilution was determined, and the number of infectious units per microliter in the parental virus stock was determined by backcalculation.
Viral genome sequencing. The WT and mutated genomes of viral DNA in Bac16 were purified using a maxiprep kit (Qiagen). Different concentrations of purified bacmid were used as inputs into the Nextera XT DNA sample preparation protocol, in accordance with the manufacturer's instructions. The PCR products were analyzed using a high-sensitivity DNA kit on a bioanalyzer (Agilent Technologies). PCR products were then size-selected to enrich for fragments between 450 and 650 bp using a LabChip XT DNA kit (Caliper Life Sciences.) This was done to enhance efficient clustering during sequencing. The library prepared was indexed, and each library was quantified using a double-stranded DNA (dsDNA) HS assay, on a Qubit 2.0 fluorometer (Life Technologies). An 8 pM concentration of each library was loaded onto the MiSeq flow cell. The reads obtained were aligned by use of a MiSeq reporter to the reference Bac16KSHV genome sequence (GenBank accession number GQ994935.1) to obtain the depth of coverage for each position and assess the quality of the reads and the frequency of single-nucleotide polymorphisms, deletions, or insertions at each position.
Review of the sequence of the recombinant v-FLIP codon-optimized virus revealed possible polymorphisms in the ORF32, RTA, MTA, and LANA loci. The ORF32 polymorphism was silent and therefore was not further investigated. The remaining potential polymorphisms were investigated by PCR amplification and resequencing by the Sanger method. This revealed that the base changes in the Illumina sequencing of RTA and MTA were artifactual, as were 3 of the 6 of the base change calls in LANA. The three remaining changes that deep sequencing called were all lowfrequency variants (frequency, 0.14 to 0.19) and were in the highly repetitive region of the LANA gene (nucleotides [nt] 125339 to 125360); the majority reads in this region were WT, suggesting that these were sequencing artifacts. In accord with this, one of these changes would generate a stop codon, but the LANA encoded by this genome was full length on immunoblotting (data not shown). Moreover, the LANA produced was fully functional, since it allowed selection of stable 293 cell transductants that maintained functional viral genomes. Our attempts to resequence this region after PCR amplification failed owing to its highly repetitive nature, but the above evidence points strongly to all three of these putative minor polymorphisms being sequencing errors.
Flow cytometry. Cells were trypsinized, washed (with medium and then phosphate-buffered saline [PBS]), and then fixed with 0.5% paraformaldehyde for 5 min. Cells were then washed twice with fluorescenceactivate cell sorter (FACS) buffer containing 4% FBS and 0.09% sodium azide and analyzed on an LSRII flow cytometer (BD Biosciences) for GFPpositive (infected) cells.
Northern blotting. Total RNA was harvested from cells using RNA-BEE (AMSBIO catalog no. Cs-104B) in accordance with the manufacturer's instructions; poly(A) mRNA was further purified using an Oligotex mRNA minikit (Qiagen). Ten micrograms of total RNA or 500 ng of poly(A) mRNA was separated by 1% agarose-formaldehyde gel electrophoresis and transferred onto a Nytran membrane. For Northern blotting, a DNA oligonucleotide probe complementary to the FLAG sequence was labeled with the BrightStar Psoralen biotin kit (Life Technologies catalog no. AM1480) in accordance with the manufacturer's guidelines. Gene and sense-specific riboprobes used for detecting the v-FLIP and GAPDH (glyceraldehyde-3-phosphate dehydrogenase) mRNAs were synthesized from PCR products using the MAXIscript T7-T3 transcription kit (Ambion catalog no. AM1326) according to the manufacturer's instructions. The primers used for PCR amplification of gene-specific probes are as follows: for the WT v-FLIP probe (nt 122588 to 122940), 5=TAATACGACTCACTATAGG GCTATGGTGTATGGCGATAGTGTTGGG3= (FwdT7) and 5=TGCT TCACTTAGACCCGCGTTTTTTAG3= (Rev); for the HS v-FLIP probe (nt 122686 to 123017), 5=TAATACGACTCACTATAGGGTGCGCAG CATGCTCATCAGGGCGTCC3= (FwdT7) and 5=GGAGGAGGGCCGC CTGACCTTC3= (Rev).
Western blotting. Medium was removed from the cells, and the cells were washed with PBS and then lysed in radioimmunoprecipitation assay (RIPA) buffer on the plate at 4°C, vortexed in a tube for 5 s, incubated on ice for 10 min, and then spun at 14,000 ϫ g for 15 min at 4°C. The protein content of supernatant was quantified using a bicinchoninic acid (BCA) protein assay, 20 g of total protein was loaded on a Bis-Tris gel (Invitrogen), and Western blotting was performed. Antibodies against ORF8 (Abcam), K8alpha (Abcam), ORF45 (Abcam), gpK8.1 (Advanced), ORF57 (Santa Cruz), ORFKbZIP (Santa Cruz), and v-FLIP (a rabbit polyclonal antibody made by Adam Grundhoff) were detected with horseradish peroxidase (HRP)-conjugated secondary antibodies using enhanced chemiluminescence (ECL; GE).
Real-time PCR quantification. To estimate amounts of virus in the supernatant of cells, the virus DNA was purified as described by Grossman et al. (30) . Quantitative PCR was performed using an Applied Biosystems 7300 real-time PCR system and SYBR green real-time PCR master mix (Life Technologies) according to the manufacturer's instructions. The promoter sequences in the K2 gene were quantified using the following primers: K2Fwd, GACCTGCAAACTTTTCCATTGC; K2Rev, GCTGAC TAAGACGCACTACA. A foreign DNA sequence was added as an internal control to the samples and was measured as described previously (14) , except that the primers used were as follows: Fwd, 5=AGGACCCGATCA ACAACATC3=; Rev, 5=ATCGCGTTCTTGTTCAGCTT3=.
RESULTS

Inefficient codon usage and expression of v-FLIP.
Having encountered difficulties in the efficient expression of recombinant v-FLIP, we first inspected the codon usage in the v-FLIP coding region, using the Graphical Codon Usage Analyzer (GCUA) program. As shown in Fig. 2 (top panel) , codon usage in the wild-type (WT) KSHV v-FLIP gene is markedly suboptimal, with numerous positions across the entire coding region displaying use of ex-tremely inefficient codons; for comparison, codon usage in the ß-actin gene, which is efficiently expressed, is depicted in Fig. 2 (center panel). Therefore, we constructed a synthetic v-FLIP gene in which every codon position was optimized for efficient translation in human cells; the predicted translational efficiency of codons in this construct, which we denote v-FLIP HS (for homo sapiens optimized), is shown in the bottom panel of Fig. 2 .
To determine if codon optimization improved v-FLIP expression, the WT and HS versions of the gene were cloned into the pcDNA3.1 expression vector, in which transcription is driven by the strong cytomegalovirus (CMV) immediate early (IE) promoter; each construct was FLAG epitope-tagged at its N terminus. Two days posttransfection into 293T cells, extracts were prepared and immunoblotted with anti-FLAG monoclonal antibody (MAb). As shown in (Fig. 3B) revealed a major surprise. Wild-type v-FLIP mRNA was nearly undetectable by this method, while the codon-optimized HS variant showed abundant accumulation of correctly sized v-FLIP transcripts. This result was not due to poor transfection of (or faulty RNA preparation from) the WT cells, since pcDNAencoded neo transcripts accumulated identically in all transfected cells (Fig. 3B) . qRT-PCR quantitation of the relative levels of v-FLIP in HS and WT-transfected cells indicated that, by 48 h posttransfection, HS RNA accumulation was ca. 70-to 140-fold that of the WT transcripts.
The HS variant is the result of multiple base changes throughout the length of the v-FLIP coding region. Although these lesions do not alter the amino acid sequence of the protein, they might have created an RNA element that promotes mRNA accumulation or (more likely) disrupted an element that impairs accumulation. To examine this possibility, and to map any putative accumulation-influencing element, we constructed a series of chimeras between the WT and HS versions of v-FLIP (Fig. 4A) . Each chimera was transfected into 293T cells and assayed for transcript accumulation by Northern blotting. The results in Fig. 4B show that no single region could be identified as uniquely associated with RNA accumulation. Overall, the v-FLIP transcript levels were roughly proportional to the length of sequence derived from the codonoptimized HS variant, although position effects are also likely playing a role (as suggested by constructs 4 and 5 [lanes 4 and 5], which each contain 50% WT sequences in reciprocal locations but accumulate to modestly different levels).
To determine if the effect of codon usage on RNA accumulation was peculiar to the KSHV v-FLIP gene, we asked if similar effects could be seen on a nonviral reporter gene, the eGFP gene. As shown in Fig. 5A (top) , this gene's codon usage has previously represented using the Graphical Codon Usage Analyzer (GCUA) available online at http://gcua.schoedl.de/. Codon usage in a sequence is shown from the 5= end to the 3= end of the mRNA (along the horizontal axis). It is represented using the codon adaptation index that is derived from the codon frequency in the Homo sapiens codon usage table and also takes into account the number of codons that code for each amino acid. Codon efficiency of less than 10% is shown by red bars, that between 10% and 20% by gray bars, and that above 20% by black bars.
been optimized for efficient mammalian expression. We constructed two variants of this gene, both of which encode GFPs identical in amino acid sequence to the parental cistron: one (Fig. 5A, middle panel) in which only the first portion of the coding region was deoptimized, and a second (bottom panel) in which codon usage was deoptimized across the entire gene. The probe used in this experiment was against the invariant 5= FLAG tag. As shown in Fig. 5B , transfection of 293T cells with these constructs revealed that the fully deoptimized GFP gene showed a dramatic decrease in mRNA accumulation compared to the optimized gene; the partially deoptimized variant showed a modest reduction in accumulation.
Inefficient codon use in the 3= gene does not prevent accumulation of bicistronic RNAs. One of the features of the transcripts of the KSHV major latency locus is the abundant accumulation of bicistronic and (to a lesser extent) tricistronic RNAs in which the v-FLIP gene is in the 3= position (Fig. 1) . This suggests that, if our transient-transfection system faithfully reproduces the regulation in the viral genome, engineering the WT v-FLIP gene into the 3= position of a bicistronic mRNA (where it might be expected to be poorly translated) should not impair accumulation of the bicistronic transcript. To examine this issue, we constructed (in pcDNA3.1) bicistronic constructs bearing eGFP in the 5= position and v-FLIP (WT or HS) in the 3= position. As shown in Fig. 6A , such constructs either contained (top line) or lacked (middle two lines) a functional poliovirus IRES between the two ORFs; a fourth construct (bottom line) fused eGFP and v-FLIP in-frame, creating a single ORF from the two elements. In all constructs, v-FLIP was FLAG tagged, and transcripts were detected using a probe recognizing FLAG coding sequences. Each construct was transfected into 293T cells, and RNA was prepared at 48 h posttransfection. Figure 6B shows that transcripts corresponding in size and sequence to the expected bicistronic RNAs were readily detected from all of these constructs, in roughly equal abundances. Paradoxically, there did not appear to be a large effect of manipulating the translation of the downstream v-FLIP gene: whether an IRES was present (Fig. 6, lanes 1 and 2 or 9 and 10) or absent in the mRNA (which should have strongly affected v-FLIP translation) (Fig. 6 , lanes 3 to 6 or 11 to 14) seemed to have little influence upon transcript accumulation. Similarly, entry of ribosomes into the (poorly translatable) v-FLIP sequences in the fusion construct should be very efficient, yet this construct displays abundant accumulation of its transcript (compare lanes 7 and 8 with lanes 15 and 16). Thus, the dramatic effect of suboptimal codon usage on RNA levels appears to depend upon position in the transcript. We do not yet understand the basis of this position dependence; however, these results affirm that our transient-transfection assay faithfully reproduces this aspect of gene expression from the intact KSHV genome in virally infected cells. Transcripts with suboptimal codon usage are destabilized. Given that translation is a cytosolic process, we speculated that the failure of WT (codon-deoptimized) v-FLIP transcripts to accumulate was likely due to destabilization of the mRNA. To examine this, we treated v-FLIP-expressing cells with actinomycin D to shut off additional transcription and then examined the accumulation of transcripts at various times thereafter. Because WT v-FLIP mRNA is virtually undetectable at steady state, we chose to study the chimera (here termed construct 7) depicted in lane 7 of Fig. 4B ; this transcript accumu- lates to lower but detectable levels, thereby facilitating the analysis. For a control, we examined the stability of codonoptimized v-FLIP-HS transcripts in parallel; RNA was examined by Northern blotting with a probe directed at the FLAG sequences common to both constructs. As shown in Fig.  7A , codon-optimized mRNAs are strikingly stable, with no visible decrement over the 7.5-h chase period. In contrast, construct 7, in which roughly 75% of the gene displays inefficient codon use, shows substantial degradation beginning at 40 to 60 min of the actinomycin D chase. However, we also note that there is very substantially less accumulation of construct 7 mRNA at the zero time point. We speculate that this may be due to extremely rapid (cotranscriptional?) degradation, since such a process would result in failure to generate the full-length RNA being measured in the Northern analysis. Alternatively, it could reflect additional effects on RNA synthesis, processing, or cytoplasmic transport. In all of these cases, however, it is unclear how such intranuclear events would be affected by base changes designed to affect translation, a cytosolic process (see Discussion).
Actinomycin D is a cytotoxic drug with many secondary effects, since it is a global inhibitor of transcription. To examine transcript stability in the absence of this drug, we separately cloned FLAG-tagged codon-optimized and construct 7 v-FLIP genes into a Tet-Off vector plasmid in which their mRNA synthesis can be repressed by the addition of doxycycline to the medium (7). We then examined the accumulation of mRNA for each construct by Northern blotting (again using the common FLAG probe) at various times after doxycycline addition. This experiment (Fig. 7B ) again affirmed the stability of the codon-optimized sequence (the seeming loss at 24 h after doxycycline addition is due to underloading of this lane). Construct 7 RNA again showed very rapid early loss (see 0-and 2-h time points) but also showed clear destabilization during the chase, here between 8 and 24 h after doxycycline-mediated repression. (The slower kinetics of loss in the doxycycline studies than in the actinomycin studies is almost certainly due to the cytotoxicity of actinomycin D.) We conclude that accelerated RNA turnover is at least partially responsible for the reduced accumulation that follows from inefficient codon use but cannot exclude the possibility of additional mechanisms that could contribute importantly to RNA loss (see below and Discussion).
Attempts to decipher the mechanism of impaired transcript accumulation in WT v-FLIP mRNA. Several well-described pathways connect correct mRNA translation to RNA accumulation in eukaryotic cells. The best characterized of these is nonsense-mediated mRNA decay (NMD), in which RNA degradation follows the encounter of translating ribosomes with premature stop codons in mutant mRNAs. Another pathway (31), nonstop decay (NSD), operates on model transcripts that lack stop codons at the end of their ORFs-as a result, ski7, a homolog of the release factor eRF3, is recruited to the 3= end of the RNA, where it recruits a complex of 3=-5= exonucleases known as the exosome, leading to RNA turnover (32) . Neither mechanism is likely to operate in v-FLIP, as the gene has a conventionally positioned stop codon.
In 2006, another process linking impaired translation to RNA turnover was described in yeast. This process, termed "no-go decay" (NGD), was triggered by runs of suboptimal codons (or by engineered hairpins in mRNA), processes that are expected to impede the progress of translating ribosomes on the mRNA (33). To our knowledge, this process has not previously been described in vertebrate cells, but we considered it likely that the KSHV v-FLIP gene could represent the first example of no-go decay in the mammalian context. However, it has been difficult to affirm that the processes at work in this case recapitulate the described yeast pathway. For example, if NGD acted in mammalian cells as it does in yeast, one might have expected the GFP-v-FLIP fusion protein of Fig. 6 to have triggered transcript turnover, but it does not (Fig. 6, compare  lanes 7 and 8 with lanes 15 and 16) . Moreover, when we engineered a strong RNA hairpin (or stem-loop [SL]) (Fig. 8) into the 5= UTR of the WT v-FLIP gene (with or without second mutations in the v-FLIP initiator AUG codon, denoted as ⌬AUG in Fig. 8 ), in order to decrease ribosome entry into the deoptimized coding region, no accumulation of v-FLIP mRNA was observed on Northern blots (Fig. 8, lanes 5 to 7) . This was true despite a 90% decrement in v-FLIP translation, as judged by examining the ability of the WT and SL/⌬AUG versions of the HS homolog to activate an NF-B reporter gene (data not shown). We found this result particularly surprising, since rescue of codon-deoptimized RNA accumulation by an upstream hairpin is one of the defining experimental features of yeast NGD (24) .
The described pathway of NGD in yeast is thought to involve dependence upon two genes, the Dom34 and Hbs1 genes (33, 34) . Accordingly, we attempted to knock down expression of the mammalian homologs of these genes in 293 cells and to examine the effect of the knockdown on accumulation of WT or construct 7 v-FLIP RNA. Although we achieved substantial decrease in both proteins (as judged by immunoblotting) we generally did not observe reproducible enhancement of v-FLIP mRNA accumulation (data not shown). This is, of course, a negative result, and subject to all the caveats of the same; perhaps, for example, a more striking impairment of these functions than can be generated by small interfering RNA (siRNA) is required to augment RNA stability. Moreover, a recent review of yeast NGD has raised the possibility that there may be forms of NGD in yeast that do not display dependence on these genes (33), although none of the responsible mechanisms for such independence have been elucidated. For all these reasons, we do not conclude from these experiments that NGD is not operating in our system but simply that multiple first-generation tests designed to implicate this pathway in v-FLIP regulation do not unambiguously do so. The mechanism(s) underlying our observation remains to be rigorously defined, but it is certainly possible that entirely novel mechanisms are at work here.
Properties of KSHV virions bearing codon-optimized v-FLIP sequences.
To explore the role of impaired codon usage in v-FLIP in the context of authentic viral infection, we constructed a mutant of KSHV bearing the codon-optimized v-FLIP gene in place of the WT gene. This was done using homologous recombination into a bacmid-derived KSHV genome (Bac16) in E. coli. Individual recombinant bacmids were subjected to Illumina sequencing to ensure that no secondary mutations were acquired during the recombination; this procedure obviates the need for construction of revertant viruses in which the WT gene is restored via recom- bination. The details of this analysis are reported in Materials and Methods, and the results validated that the recombinant bore no additional mutations, with the caveat that the repeat region within LANA (nt 125330 to 125360) could not be accurately resequenced owing to its repetitive nature. Once the appropriate recombinant was verified, bacmid DNA bearing either the WT or HS transgene was transfected into 293 cells, which were then induced with butyrate and cocultivated with iSLK cells, which harbor a doxycycline-inducible RTA gene. Following selection in puromycin to counterselect against 293 cells, the resulting latently infected iSLK mass culture was induced with doxycycline and butyrate, and a viral stock was prepared from each culture.
iSLK cells were then infected with virus bearing either the WT or optimized (HS) v-FLIP gene, and infected cells were selected in puromycin. The stable, latently infected cells were then induced with doxycycline plus butyrate, and RNA was prepared at 0 h (latent) and at 24, 48, and 72 h postinduction. After poly(A) selection, we examined each postinduction preparation for v-FLIP transcripts by Northern blotting with a probe corresponding to either WT or HS v-FLIP sequences. As shown in Fig. 9A , FLIP-containing transcripts in this SLKbased cell line have very low abundance in latency but are strongly induced during the lytic cycle. This inducible pattern, while not common in primary effusion lymphoma cell lines, has been described previously and is attributable to an alternative LANA promoter called LTi (inducible latency promoter) that is activated postinduction (35) . As expected, in WT infection, v-FLIP-containing RNAs accumulate primarily as a bicistronic RNA (with v-cyclin) and a tricistronic RNA (with LANA and v-cyclin). In contrast, the codon-optimized v-FLIP genes show the clear presence of an additional band corresponding in size to a monocistronic v-FLIP mRNA.
What is the impact of v-FLIP codon optimization on the biology of KSHV? Given what has previously been published about the role of NF-B activation in stabilizing latency (15, 16, 30) , we might expect v-FLIP overexpression to be associated with impaired lytic reactivation (though this can vary with cell type [14] ). To examine this, latent iSLK mass cultures bearing WT and HS v-FLIP genes were induced with doxycycline plus butyrate, and supernatants were examined for (i) infectivity and (ii) viral particle counts, as judged by the presence of nuclease-resistant viral DNA quantified by qPCR. Figure 9B shows that infectivity in the medium was reduced ca. 5-to 7-fold in the codon-optimized virus, compared to WT, in both 293 and SLK recipient cells. Similar reductions were observed in primary endothelial cells as well (Fig.  9C) . Figure 9D shows that the reductions in infectivity were associated with corresponding reductions in particle counts in the medium. These defects can be correlated with defects in the expression of several lytic proteins, as judged by immunoblotting of infected cell lysates (data not shown). These results are consistent with expectations based on prior work from our laboratory (30) and others (16) .
DISCUSSION
In this study, we have addressed long-standing questions concerning the expression of v-FLIP, with an eye toward explaining why the v-FLIP gene appears to be so inefficiently expressed. Our results show that (i) poor expression of the v-FLIP gene is largely due to its profoundly inefficient codon usage, (ii) this translational inefficiency also leads to a dramatic block of RNA accumulation, (iii) RNA turnover accounts for at least part of this effect, and (iv) the prior failure to observe monocistronic v-FLIP mRNA by Northern blotting in WT infection is the result of this phenomenon. When codon-optimized v-FLIP sequences are restored to the viral genome, the resulting enhancement of NF-B activity impairs lytic reactivation, which in itself can explain the evolutionary selection for inefficient translation of this gene. Given the known proinflammatory consequences of NF-B activation, it is also possible that limitation of NF-B activation by this mechanism provides a mechanism for limiting immune targeting of infected cells in the human host.
While the linkage of RNA turnover to inefficient translational elongation has been described in yeast (and in cultured insect cells [33] ), we believe that this is the first report of this phenomenon in a mammalian cell. Our results with deoptimization of GFP translation indicate that this phenomenon is not limited to viral genes or virus-infected cells; it is likely a general observation, though it may require substantial deoptimization to produce the dramatic effects we see on RNA accumulation. However, whether a common mechanism (e.g., no-go decay [NGD] ) underlies all of these examples remains to be seen. Traditional NGD, as defined by experiments in yeast, does not adequately explain the position dependence of the RNA loss; that is, why manipulating the translation of a codon-deoptimized 3= ORF in a bicistronic transcript does not affect transcript accumulation. Similarly, traditional concepts of NGD in yeast suggest that impairing the entry of ribosomes into a codon-deoptimized ORF should improve RNA accumulation, but we did not observe this behavior in our system. As noted above, these negative results do not completely exclude NGD, but they do suggest that if NGD is operating here, it may be considerably more complex in mammalian cells than its yeast counterpart. Finally, we note that the chase experiments shown in
FIG 8
Cloning a stem-loop into the 5= UTR and mutating the v-FLIP start codon does not enhance accumulation of v-FLIP mRNA. 293 cells were transfected with the indicated plasmid construct, and 48 h later, total RNA was prepared for Northern blotting. All constructs were tagged with a 5= FLAG tag, and a probe complementary to this sequence was employed to detect the transcripts. Lanes 2 to 4, variants of the HS (codon-optimized) FLIP sequence; lanes 5 to 7, variants of the WT sequence. Abbreviations: SL, stem-loop sequence; ⌬AUG, start codon deletion. Fig. 6 could indicate that manipulating codon usage could have effects on other steps of RNA maturation that operate extremely actively during or closely following transcription. Since many early steps in RNA maturation occur in the nucleus, it is not obvious how these would be influenced by translational efficiency. It may be that, as in NMD (31, 36) , assembly of specific protein complexes on the pre-mRNA in the nucleus is a prerequisite for destabilization in the cytoplasm when ribosomes are stalled or paused at suboptimal codons. However this process works, it seems reasonable to view it as a form of quality control that ensures that poorly translatable RNAs are not made in abundance. We anticipate that further dissections of v-FLIP RNA regulation [30] ) and then to the WT v-FLIP, and this is represented in the bar graph.
